We present a systematic investigation on the roles of some starting reagents commonly used in gold nanoparticle synthesis. Our results show that Au nanoparticles adsorbed with tetraoctylammonium bromide (TOAB) or TOAB and 1-dodecanethiol (DDT) can self-assemble into spherical aggregates in various hierarchical forms, such as discrete, linear, and two-dimensional arrays, without using any additional structural linkers. Interestingly, aged Au nanoparticles in different interconnected spherical aggregates are highly ordered, showing long-range lattice uniformity. On the basis of our substrate-dependent experiments, it has been revealed that the sphere formation, self-assembly, and crystallization of Au nanoparticles in the superlattice take place upon drying. A structural evolution of mesoscale spherical assemblies to planar organizations of Au nanoparticles has also been revealed in this work for the first time. In general, the Au nanoparticles are better shelled with TOAB than with DDT surfactant. The symmetrical organic shells of TOAB and its multi-chain structure are believed to be responsible for the high capacity of particle aggregation as well as for the long-range assembling order.
Introduction
In recent years, small ball-like nanoparticles or their shape approximates have been utilized as fundamental building blocks to construct one-, twoand three-dimensional (1D, 2D and 3D) structures. (see Refs. 1-11 and the references in Refs. 1 and 9) Along with these research advancements, gold (Au) nanoparticles (0D) with different geometrical shapes have been extensively investigated; various synthetic strategies and their related assembling methods have been in place (see Refs. 12-46 and the references in Ref. 20) . Among them, organic surfactant-assisted assembly of Au nanoparticles (as well as other nanoparticles in general) is a widely investigated approach, in which the aggregative force relies primarily on van der Waals interactions among the surfactant molecules anchored on metal surfaces (see Refs. 12-46 and the references in Ref. 20) . Using this method, there are two possibilities that a final assembled product of Au nanoparticles may adopt. First, the Au nanoparticles can simply associate with each other, giving rise to a random particle aggregate. [40] [41] [42] [43] [44] Second, in contrast, the Au nanoparticles may self-assemble into superlattices and/or superstructures, where the Au nanoparticles are periodically located in lattice spaces. [36] [37] [38] In the latter case, the nanoparticles should then be viewed as artificial atoms, resembling the atomic or molecular species in normal crystal lattice arrangements. 43 In the above research endeavors, a two-phase synthesis protocol proposed by Brust et al. for Au nanoparticle preparation has received great attention over the past 12 years. 39 The Brust method basically involves the following two reaction steps: 39 
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where the tetraoctylammonium cation [TOAB, N(CH 3 (CH 2 ) 7 )
+ 4 ] acts as a phase-transfer reagent to extract the gold source tetrachloroaurate anion (AuCl − 4 ) from aqueous (aq) phase to toluene (tol) phase. The electrons required in Eq. (2) are provided by sodium borohydride (NaBH 4 ) while the Au nanoparticles (Au) m arising from this process are capped with 1-dodecanethiol surfactant [DDT, CH 3 (CH 2 ) 11 SH, which is present in the toluene phase], giving (Au) m (CH 3 (CH 2 ) 11 SH) n(tol) as a simplified expression in Eq. (2) . On the basis of this two-phase system, many modified versions are now available, which leads to an even wider scope of applications of this protocol. 39 For example, the size of Au nanoparticles has been precisely controlled through a post-growth thermal treatment. 29, 30 With an additional washing, the surface organics of the Au nanoparticles can be partially eliminated, and the controlled surfactant population has been identified as a key process parameter for generation of template-free linear assemblies of Au nanoparticles. 24 Without using DDT, on the other hand, multi-stacked structures formed by TOAB-capped Au nanoparticles have been found to be more ordered, compared to those organized by DDT-covered Au nanoparticles. 45, 46 In order to generate spherical assemblies of Au nanoparticles, furthermore, tetradentate-thioethers [such as Si(CH 2 SCH 3 ) 4 ] have been utilized as a linkage mediator to generate Au-S bonding among neighboring TOAB-capped Au nanoparticles. [40] [41] [42] Spherical aggregates of Au nanoparticles with controllable sizes have thus been obtained, accompanied with interesting optical properties as well. [40] [41] [42] While the two-phase protocol shows great versatility for the synthesis of Au nanoparticles, however, the exact roles of each reagent used in this approach remain to be further understood and explored.
As indicated above, it is apparent that the TOAB used can be more than a simple phasetransfer reagent. Because DDT has a stronger tendency to bind to gold, the exact role of TOAB is not very clear in many cases, especially when the DDT is predominant in synthesis. In addition to the roles of surfactants, hierarchical organization of the Au nanoparticles derived from this protocol deserves further attention. To address these issues, in this paper, we will present a systematic investigation on the roles of the starting reagents used in the two-phase protocol. Our results show that TOABor TOAB-DDT-anchored Au nanoparticles can self-assemble into spherical aggregates in the hierarchical forms of discrete, linear, and two-dimensional arrays, without using any additional structural linkers. Interestingly, the Au nanoparticles in these interconnected spherical aggregates are highly ordered when their size is enlarged with aging, showing a long-range lattice-integration. Furthermore, a structural evolution of mesoscale spherical assemblies to planar organizations of Au nanoparticles has been revealed for the first time. These findings may shed light on our general understanding of this widely adopted synthesis protocol, especially in the area of mesoscale self-organizations.
Experimental Details

Synthesis of suspension samples
In a typical synthesis, primary Au nanoparticles used for organization and self-assembly were prepared with a modified two-phase reaction procedure reported by Brust's group. 39 Briefly 
Suspension samples during organization evolution
In order to understand the functions of DDT surfactant in the Au nanoparticle organization, the change of Au/DDT ratio was also investigated. In this series of tests, the as-prepared suspension obtained from Sec. 2.1 was added with an additional amount of DDT solution (0.11 M of DDT in toluene). The total DDT in the system is also expressed in terms of the Au/DDT ratio, which was changed from 10 to 0. 
Materials characterization
Structural and compositional investigation with transmission electron microscopy (TEM) and selected area electron diffraction (SAED) were carried out on a JEM-2010 operated at 200 kV. Field-emission scanning electron microscopy, scanning transmission electron microscopy and energydispersive X-ray spectroscopy (FESEM/STEM/ EDX; JSM-6700F) was also used for morphological and structural investigation. Size and thickness of assemblies of Au nanoparticles were examined via atomic force microscopy (AFM; DI NanoScope Multimode). Tapping mode was employed in this study with a standard silicon cantilever. A mica substrate [Muscovite Mica; KAl 2 (AlSi 3 O 10 )(OH) 2 ; Cat. #71851-05] was used to support the Au nanoparticle suspensions. UV-visible absorption spectroscopy measurements were carried out on a Shimadzu UV 3101 PC scanning spectrometer. The elemental analysis of Au nanoparticle samples was estimated by using a Perkin-Elmer 2400 CHNS analyzer. An X-ray photoelectron spectroscopy (XPS) investigation was conducted in an AXIS-HSi spectrometer (Kratos Analytical) using a monochromated Al K α X-ray source (1486.6 eV).
Results and Discussion
Formation of discrete nanospheres
The pristine Au nanoparticles synthesized in this work are about 2.4 ± 0.8 nm. Our SAED study indicates that the crystallographic structure of these Au nanoparticles is a face-centered cubic (fcc) phase (Supporting Information, SI-1). 24 As surfaces of the Au nanoparticles are capped predominantly with TOAB, instead of DDT, the interaction among the nanoparticles turns out to be much stronger. Interestingly, spherical assembly becomes a common morphology (∼ 100%) in the as-prepared Au suspension upon drying. . Similar to those observed in the type I assemblies, the lighter areas can be attributed to the solvent inclusion, noting that the variation can be on the edges as well as in the centers of the Au aggregates.
In order to have a better understanding of the observed self-assembly, side-views of the Au organizations have also been examined with the TEM method. Figure 2 shows some side views of the Au nanoparticle aggregates. In general, the height is about half of the diameter of an Au spherical assembly. This observation indicates the soft nature of the original spheres. Upon drying, the soft aggregates tended to spread out as a result of sphere-substrate interaction and solidification when the solvent evaporates. Most Au spheres show a symmetric domelike outline, as seen in Fig. 2(a) , but some uneven appearances can also be detected [e.g. Fig. 2(b) ]. It is understandable that the thinner parts would be shown as lighter image contrasts when observed under a normal incident electron beam in the TEM measurements (e.g. Fig. 1 ). On the basis of these observations, the uneven portions of the Au aggregates can be ascribed to the release of the included solvents upon drying, as discussed in Fig. 1 . The side view of the type II aggregates is shown in Fig. 2(c) . Indeed, the Gaussian-type outline corresponds very well to the spreading rims of the nanoparticle assemblies seen in Figs. 1(e)-1(h). It should be mentioned that the interaction between the Au spherical aggregates and TEM carbon grids is largely hydrophobic. To test this point further, we have also investigated the substrate effect using mica crystals which have a higher hydrophobicity. 42 Figure 3 shows some representative AFM topographies of the discrete Au spheres. In contrast to those observed in Fig. 2 , the height of Au nanoparticle aggregates on the mica surface is much shorter. In most Au spheres that we measured with AFM method, the height is only at 10-20 nm [Figs. 3(c) and 3(e)], which is about one tenth of those in Fig. 2 , using the same Au suspension in the sample preparation. Quite unexpectedly, more hydrophilic mica does not enhance the Au sphere formation (these spheres are supposed to be hydrophobic). Therefore, it seems that the surface charge of mica may play an important role in the interaction of the Au spheres and the substrate. adsorbed TOAB from the Au nanoparticles, and thus affect the interconnectivity of the surfactants for the sphere shape formation.
1D and 2D assemblies of nanospheres
Apart from the discrete spherical Au assemblies reported above, it is found that the spheres can also align into straight lines either 1D or 2D arrangements. TEM images presented in Figs. 4 and 5 indicate that the inter-sphere spaces are filled with the Au nanoparticles. In this connection, in particular, one of the important questions concerning organized Au nanoparticles is whether the individual Au nanoparticles still maintain long-range orders upon the structural formations or they are just randomly aggregated.
It should also be mentioned that the shielding effect of TOAB on the Au nanoparticles is not perfect, and particle growth is still observed for our TOAB-protected Au nanoparticles in the as-prepared Au suspensions. Due to lack of DDT, furthermore, the growth of dried TOAB-capped Au samples at room temperature has also been observed when their storage time in solid state is too long. 45 When their particle size is enlarged after aging, a long-range order up to a few micrometers can be attained in these 2D sphere arrays. As shown in Fig. 6 , the nanoparticles (their average diameters at 4.2 ± 1.0 nm, after grown in solid state, compared to their original size of 2.4 ± 0.8 nm) from different spherical assemblies are actually merged together, leaving only some void spaces. The Au nanoparticles in this large integrated superlattice are well ordered, showing a long-range lattice periodicity despite the presence of defects. It appears that the Au nanoparticles adopt an fcc structure (ABC-ABC-ABC stacking) in the superlattice construction, with the {111} planes serving as its topmost crystal surface [viewed along c-axis, Fig. 6(a) ]. The hexagonal surface is also revealed with the TEM images reported in Figs. 6(b) and 6(c), where the hexagonal symmetry can be clearly seen. Furthermore, similar to those reported in the literature, ring and line structures can be observed in the layer stacks of the edge part (which is thinner) of the superlattice. 1, 45 One important point should be mentioned is that the observations made in Figs. 1, 4 and 5 in fact represent a structural transformation from spherical geometry (0D) to a linear array (1D), and to a planar assembly (2D) of Au spheres, that is, 0D → 1D → 2D. The increased hierarchy in this organization depends on the increased interactions among the neighboring Au spheres in the drying process. Several interactive forces should be recognized. For example, the van der Waals interaction among the surface organic species capped on the Au nanoparticles leads to the formation of Au spheres. The formation of discrete Au spheres (0D), on the other hand, depends on the solvation of toluene liquid. When the sphere density is higher, 1D and 2D arrays of the spheres can be formed accordingly, due to the increasing influence of neighboring spheres. Again, van der Waals interaction arising from the surfactants of different Au spheres is the main cause of this linear or planar integration, which give virtually no boundaries among the Au spheres, as observed in Fig. 6(a) . It is believed that the crystallization of Au nanoparticles in this superlattice takes place only upon drying, which will be further addressed below.
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Planarization of nanospheres
In order to understand the adhesive interactions among the surfactant-anchored Au nanoparticles, various surfactants have also been added to the asprepared Au nanoparticle suspension (Sec. 2.2). It is found that the spherical organizations obtained in Figs. 1-5 can be transformed into planar arrays of Au nanoparticles with some common surfactants added. The surfactants tested for this purpose included DDT, 1,9-nonanedithiol, MPA, oleic acid, and CTAB, and all of them show a certain capacity to retard the spherical assembly of the Au nanoparticles (supporting information not shown, can be obtained from the corresponding author). In view of different functional headgroups and hydrocarbon chains in these surfactants, compared to those of TOAB, the retardation can be attributed to the disruption of structural coherence of TOAB, which is responsible for holding the Au nanoparticles together. For example, thiols have a strong tendency to be bound to gold, 45, 46 and the added DDT can partially replace existing surface TOAB and weaken the van der Waals force generated by the hydrocarbon headgroups of TOAB. Similarly, the surfactant length irregularity can also be created by introducing CTAB, which has a longer hydrocarbon chain than TOAB. On the other hand, carboxyl headgroups have a smaller tendency to be associated with gold, but they can also alter the population or structural regularity of the existing TOAB shell via electrostatic interaction among the charged functional groups of the two surfactants. Furthermore, we have also found that polar molecules such as water can also interrupt the van der Waals interaction of TOAB under sonication conditions, although sonication alone does not cause planarization of the spherical assemblies (supporting information not shown, can be obtained from the corresponding author).
As an example of the above study, Fig. 7 shows a sequential structural change of Au nanoparticle assemblies upon the introduction of DDT to an asprepared Au suspension (see Sec. 2.2). The process is indicated as a function of Au to DDT molar ratio (Au/DDT), starting from the same suspension used in Figs. 2-6 , i.e. Au/DDT = 10. As investigated in this work, the formed Au spheres remain essentially intact and retain their basic arrays over the range of Au/DDT = 30 down to 5 (and supporting information not shown, can be obtained from the corresponding author). When the Au/DDT ratio is below 5.0, the planarization starts and the Au spheres are no longer present. At Au/DDT = 3.3, for instance, inter-linked islands of Au aggregates with wavy shapes are produced whilst the gaps among them are scattered with individual Au nanoparticles. At Au/DDT = 2.0, the size and thickness of the island-like aggregates are significantly reduced. And finally, double-or single-layered superlattices of Au nanoparticles can be attained when the Au/DDT ratio is 1.0 or below. Note that the layered arrays of Au nanoparticles (average diameter at 2.4 ± 0.8 nm) become less hexagonal, compared to those of Fig. 6 ; it is thus seen that both the surfactant and the Au particle size play paramount roles in these overall organizations.
The above structural evolution indeed reveals that the interconnectivity among the Au nanoparticles is reduced when the surface TOAB is gradually replaced with DDT (this will beconfirmed with our XPS investigation in the next subsection). The mediation function of DDT surfactant, however, is not as effective as TOAB in organizing Au nanoparticles into either spherical form or hexagonal superlattice (e.g. Fig. 7 , Au/DDT = 1.0).
To further understand the aggregative state of Au nanoparticles, UV-visible spectra for the suspensions were also acquired. As reported in Fig. 8 , the absorption of surface plasma resonance is located at about 525 nm for all the diluted suspensions. In view of the observed constant adsorption wavelength, it is demonstrated that there is no appreciable change in aggregative state of Au nanoparticles upon the replacement of TOAB with DDT. In other words, the large aggregates of Au nanoparticles are unlikely to have formed inside these diluted suspensions, but primarily during the drying process applied in the sample preparations. This conclusion is also in good agreement with our TEM/AFM/FESEM investigations for the substrate dependent experiments reported in Figs. 2 and 3, as well as for the long-range crystallization in Fig. 6 . 
Surface chemistry and organizing mechanisms
The XPS spectra for two representative samples at different Au/DDT ratios are shown in Fig. 9 . The main peak of C 1s at 284.6 eV can be assigned to hydrocarbon chains of the surfactants (i.e. TOAB and DDT) and the smaller peak at a higher BE of 285.9 eV is assigned to C-OH and/or C-O-C species which resulted from a small degree of surface oxidation of the hydrocarbon chains. [47] [48] [49] The O 1s spectrum also reveals similar findings. The O 1s peaks at 531.5-531.7 eV can be assigned to surface-adsorbed carbonate anions from ambience (O-C=O) and/or N-C=O species. [47] [48] [49] Interestingly, this peak is much higher in the sample prepared at Au/DDT = 10, compared to that at Au/DDT = 0.33. The O 1s peaks at 529.9-530.5 eV are assigned to oxygen species associated with the gold surface. 50 In agreement with the CHNS analysis of [54] [55] [56] [57] Apparently, the degree of this charge transfer is much more severe in the sample with the low-content of DDT. Table 2 tabulates the concentration analysis of the XPS investigation. It is noted that the atomic ratio of C/Au is much higher in the sample prepared with less DDT; it is thus revealed that the Au nanoparticles are better shelled with TOAB than with DDT surfactant. The above complementary CHNS/XPS analysis allows us to draw a few conclusions regarding the mechanisms of sphere formation and planarization of Au nanoparticles. In the two samples of Fig. 9 , the molar ratio of TOAB:DDT was set at 2:3 and 2:0.1 respectively, while the amount of TOAB in their Au nanoparticle suspensions was kept constant. It has been found in the above XPS analysis that the TOAB causes a pronounced charge transfer from the gold to the surfactant capping (Au δ+ , Au 4f, 83.6-83. 8 Intensity (arb.units) (Fig. 9) . The peak fitting and conversion of peak area to atomic concentration were carried out using the XPSPEAK program with modification of respective atomic sensitivity factors.
order to facilitate such an electron transfer, noting that the positive ammonium ions [CH 3 (CH 2 ) 7 ] 4 N + should also be in close proximity to the negative Br − . In addition to the charge transfer, furthermore, alkyl chains of quaternary ammonium will generate a more efficient van der Waals coupling among the Au nanoparticles, compared to the single-chained DDT. According to the above adsorption model and the higher C/Au ratio found, the intricate bulky [CH 3 (CH 2 ) 7 ] 4 N + seems to be more able to produce symmetric Au-surfactant core-shell building units. Thus, mesoscale spherical aggregates and ordered arrangements of Au nanoparticles can be attained more easily with the TOAB surfactant, as evidenced in Figs. 1-6 . Consistent with the observations made in Sec. 3.3, however, any perturbation or interruption of this TOAB-shell could cause a reduction in symmetry of the primary core-shell building units, leading to the formation of less symmetrical Au nanoparticle assemblies (Fig. 7) .
Conclusions
In summary, we have carried out a systematic investigation on the roles of common surfactants used in the two-phase synthetic protocol of Au nanoparticles. With the preparative parameters adopted in this work, the Au nanoparticles covered with TOAB or TOAB-DDT can self-assemble into spherical aggregative forms such as discrete, linear, and twodimensional arrays, without the assistance of other structural linkers. Unlike other reported works in the literature, the TOAB-capped Au nanoparticles can still be grown into larger ones in both asprepared suspensions and the dried state. It has been further found that these aged Au nanoparticles in different interconnected spherical aggregates are highly ordered in their mesoscale supercrystals. By using different substrates, we have found that the formation of Au nanoparticle spheres and their hierarchical self-assembly, as well as the crystallization of Au nanoparticles in the superlattice, take place largely during the drying process. By adding different surfactants to the TOAB-anchored Au nanoparticles, we have elucidated that the observed mesoscale spherical assemblies can be gradually dismissed, converting into planar organizations of Au nanoparticles. On the basis of CHNS/XPS investigations, it has been revealed that the Au nanoparticles are better shelled with TOAB than with DDT surfactant. Considering the intricate molecular structure of TOAB, more effective van der Waals interaction is expected, compared to DDT. Furthermore, more complete (symmetric) organic shells generated by TOAB may also facilitate the interparticulate interaction and thus ensure long-range assembling order among the organic-metal building units.
